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Topological crystalline insulator SnTe is a promising material for future spintronics applications because of the
strong spin-orbit coupling and surface states protected by the mirror symmetry of the crystal. In this paper, using
a high-quality epitaxial (001)-oriented Fe/SnTe/CdTe/ZnTe heterostructure grown on GaAs, we successfully
observe the inverse spin Hall effect in SnTe induced by spin pumping, which is confirmed by detailed analyses of
the dependence of the electromotive force on the microwave power, magnetic-field angle, and temperature. By a
rough estimation, a relatively large spin Hall angle of ∼0.01 is obtained for bulk SnTe at room temperature. This
large value may be partially caused by the surface states. Our result suggests that SnTe can be used for efficient
spin-charge current conversion.
DOI: 10.1103/PhysRevB.96.094424
I. INTRODUCTION
Topological insulators (TIs) have attracted much attention
due to their gapless metallic surface states (SSs) that are
protected by time-reversal symmetry (TRS) [1–3]. The SSs
are promising particularly because giant spin-charge current
conversion efficiencies have been reported in TIs such as
Bi2Se3 [4,5] and (Bi0.5Sb0.5)2Te3 [6–8]. Meanwhile, because
the SSs of TIs are protected by the TRS, they are easily broken
when a ferromagnetic material is deposited on the surface
of TIs due to a magnetic perturbation [9–12]. On the other
hand, topological crystalline insulators (TCIs), which also
have gapless metallic SSs, have received a lot of attention
in recent years [13,14]. Unlike TIs, the SSs in TCIs are
protected by the mirror reflection symmetry of the crystal.
Thus, the influence of the breaking of TRS by magnetic
perturbation is different in TCIs from that in other TIs. SnTe
is a typical and promising TCI, in which the presence of
the SSs has been experimentally confirmed by studies of
angle-resolved photoemission spectroscopy, scanning tunnel
spectroscopy, and electrical transports [15–25]. The strong
spin-orbit coupling in bulk SnTe is also attractive for spintronic
applications. However, there have been no reports of successful
spin injection into either the SSs or the bulk state of SnTe.
One of the important requirements for the successful spin
injection into SnTe is to obtain a high-quality ferromag-
net/SnTe interface, which can suppress spin scattering at the
interface during the spin injection from the ferromagnet. In this
paper, we use an all-epitaxial single-crystalline Fe/SnTe mul-
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tilayer structure grown by molecular-beam epitaxy [Fig. 1(a)].
To demonstrate the spin-charge current conversion in SnTe, we
use spin pumping, which is an efficient method to generate spin
currents [26–28]. Under the ferromagnetic resonance (FMR)
condition of the Fe layer, the induced magnetization precession
generates a spin current, which is injected into SnTe, and holes
are accumulated at a sample edge via the inverse spin Hall
effect (ISHE) [Fig. 1(b)]. Note that SnTe exhibits a p-type
metallic behavior [see Fig. 4(a)] and that the (spin) current
is dominantly carried by holes in bulk SnTe, which is highly
degenerated with high-density holes induced by Sn vacancies
[22]. This charge accumulation is detected as an electromotive
force (EMF) between the sample edges. However, we need a
careful analysis of the EMF because galvanomagnetic effects
such as planar Hall effect (PHE) and anomalous Hall effect
(AHE), which are not directly related to the spin-charge
current conversion, are incorporated in the EMF in addition to
the ISHE [29,30]. Moreover, the EMF can be influenced by
thermal effects such as Seebeck effect and longitudinal spin-
Seebeck effect (LSSE) [31,32]. Thus, in this paper, we care-
fully analyze the dependence of the EMF on the microwave
power, magnetic-field angle, and temperature. We demonstrate
a successful spin-charge current conversion in SnTe.
II. SAMPLE AND EXPERIMENTAL SETUP
The structure used in our paper is composed of Fe
(20 nm)/SnTe (70 nm)/CdTe (550 nm)/ZnTe (2 nm) grown on
a GaAs (001) substrate without exposure to the air during the
growth [Fig. 1(a)] [33]. The reflection high-energy electron-
diffraction patterns of the SnTe and Fe layers and the x-ray-
diffraction spectrum show that these layers are epitaxially
grown on CdTe/ZnTe/GaAs [Figs. 1(c)–1(e)]. From the Hall
measurement on another SnTe film (without an Fe layer)
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FIG. 1. (a) Schematic illustration of the (001)-oriented full-
epitaxial multilayer structure composed of Fe/SnTe/CdTe/ZnTe
grown on a GaAs(001) substrate. The sample was cut into small pieces
with a size of 3 × 0.5 mm. In the electron-spin-resonance system, a
rf magnetic field hmw was applied along the [¯110] direction of the
sample. The out-of-plane angle of the magnetic field H is defined
as θH with respect to the film plane. The in-plane angle of H is
defined as ϕH with respect to the [110] direction in the film plane.
(b) Mechanism of the generation of the spin current and the EMF.
The vectors Js and σ represent the spin current and spin polarization
of the spin current, respectively. Under the FMR condition of the
Fe layer, the induced precession of the magnetization (M), which
is represented by the thick white arrow in the Fe layer, generates a
spin current. This is injected into SnTe and accumulated at a sample
edge by the ISHE. (c,d) Reflection high-energy electron-diffraction
patterns observed after the growth of the SnTe layer (c) and the Fe
layer (d), when the electron-beam azimuth is the [110] direction.
(e) X-ray-diffraction spectrum (θ -2θ scan) for the Fe/SnTe sample.
grown in the same condition, the density and the mobility
of bulk holes are estimated approximately at 5 × 1020 cm–3
and 100 cm2/V s at 4 K, respectively. This result suggests that
the contribution of the bulk holes to the electrical transport
is dominant over that of the two-dimensional carriers of the
SSs. We have carried out spin pumping measurements using a
TE011 cavity of an electron-spin-resonance system (microwave
frequency: 9.1 GHz). We cut the sample into small pieces with
a size of 3 × 0.5 mm and put a sample piece at the center of
the cavity. The EMF is defined as the voltage of the edge of
the Fe layer in the [¯110] direction of the GaAs substrate with
respect to that of the opposite side (i.e., in the [1¯10] direction)
as shown in Fig. 1(a). The used microwave power was 200 mW
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FIG. 2. (a,b) Magnetic-field μ0H dependence of the microwave
absorption derivative for various θH when ϕH = 0◦ (a) and for various
ϕH when θH = 0◦ (b). In (b), the gray dotted curves represent the
traces of the resonance magnetic fields. (c) μ0H dependence of the
EMF for various θH when ϕH = 0◦. The black curves are fitting
curves expressed by the sum of the symmetric and antisymmetric
curves. (d) Higher and lower resonance magnetic fields (Hr H, Hr L)
as a function of θH when ϕH = 0◦. (e,f) Hr H and Hr L as a function of
ϕH around ϕH = 0◦ (e) and ϕH = 90◦ (f) when θH = 0◦. In (d), (e),
and (f), the black curves express the calculated resonance magnetic
fields. All the data shown in Fig. 1 are measured at 300 K. The used
power of the microwave was 200 mW.
except for the measurements of the power dependence of the
EMF shown in Fig. 4(d).
III. RESULTS AND DISCUSSION
In the single-crystal Fe layer, the magnetization direction
under the FMR condition is strongly influenced by the magne-
tocrystalline anisotropy, which also influences the EMF signal
as explained later. To understand this effect, we measured the
FMR spectrum of our sample applying a magnetic field H
in various directions. As shown in Fig. 1(a), the out-of-plane
angle of H is defined as θH with respect to the film plane,
and the in-plane angle is defined as ϕH with respect to the
[110] direction in the film plane of the GaAs substrate. As
shown in Figs. 2(a) and 2(b), most of the measured FMR
spectra show two resonances at magnetic fields Hr L and Hr H
(Hr L < Hr H). When H is rotated out of plane at ϕH = 0◦ as
shown in Fig. 2(a), Hr L and Hr H tend to be extremely large
near θH = 90◦, which reflects the strong in-plane magnetic
anisotropy of the Fe film. When H is rotated in the film
plane as shown in Fig. 2(b), the resonance magnetic fields
change with a period of 90◦ (see the gray dotted curves,
which trace the resonance magnetic fields). This is caused by
the fourfold magnetocrystalline anisotropy with the easy axes
along the in-plane 〈100〉 directions in the Fe layer [34,35].
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FIG. 3. (a,b) μ0H dependences of the microwave absorption
derivative (a) and the EMF (b) at various temperatures when θH =
ϕH = 0◦. The used power of the microwave was 200 mW. In (b), the
black curves are fitting curves expressed by the sum of the symmetric
and antisymmetric curves.
(Both ϕH and θH have a small deviation of ∼4◦ from the
crystallographic orientation due to a small misalignment of
the sample.) As a result, as shown in the insets of Fig. 2(c),
when θH = ϕH = 0◦ [see the bottom red curve in Fig. 2(a)],
the magnetization direction is different from the direction of
H (i.e., [110] of the GaAs substrate) and is along one of
the 〈100〉 directions at H = Hr L, while the magnetization is
aligned along the H direction at H = Hr H. In fact, the θH
and ϕH dependences of Hr L and Hr H are well reproduced
using the typical cubic and uniaxial out-of-plane anisotropy
constants of the single-crystal Fe layer (27.5 mT and –130 mT,
respectively) as shown by the black curves in Figs. 2(d)–2(f)
[34]. [The reason for the difference of the FMR spectra at
θH = ϕH = 0◦ between Figs. 2(a) and 2(b) may be due to
the different sample alignments used for these experiments.
For more details of the calculation of the resonance fields
and the shapes of the FMR spectra, see Secs. I and II in the
Supplemental Material, respectively [36]].
The EMF-H curves also exhibit two peaks corresponding to
the resonances observed in the FMR spectra [Fig. 2(c)], which
indicates that the EMF is induced by FMR. The shapes of
the EMF-H curves are almost symmetric between θH = 0 and
180◦. This result is consistent with the ISHE that is expressed
by Js × σ , [37,38] where Js and σ are the spin current and
spin-polarization vector of the spin current [Fig. 1(a)]. The
negative sign of the EMF peaks when θH = 0◦ [see the bottom
red curve in Fig. 2(c)] is thought to be associated with the
p-type conduction of bulk SnTe [28,39].
By analyzing the temperature dependence of the FMR-H
and EMF-H curves of our Fe/SnTe sample obtained at θH =
ϕH = 0◦ shown in Figs. 3(a) and 3(b), we can qualitatively
understand the origins of the EMF signals. Comparing Fig. 3(a)
with Fig. 3(b), we see that the EMF peaks are observed
at resonance magnetic fields at all the temperatures, which
again indicates that the EMF is induced by FMR. While
the EMF peak intensity at Hr L strongly depends on the
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FIG. 4. (a) Sheet resistances of the Fe (20 nm)/SnTe (70 nm)/
CdTe/ZnTe/GaAs sample (black solid curve), reference Fe (20 nm)/
GaAs sample (gray curve), and reference SnTe (70 nm)/CdTe/
ZnTe/GaAs sample (black broken curve). (b) Temperature de-
pendences of Vs L and Vs H for the Fe (20 nm)/SnTe (70 nm)/
CdTe/ZnTe/GaAs sample and for the reference Fe (20 nm)/GaAs
sample. (c) Out-of-plane magnetic-field angle θH dependence of Vs H
at 4.8 K. Here, ϕH was fixed at 0◦. In (b) and (c), the used microwave
power was 200 mW. (d) μ0H dependence of the EMF for various
microwave powers at 4.8 K. The inset shows the derived symmetric
and antisymmetric components (Vs H, Va H) of the EMF at the higher
resonance magnetic field of 107.6 mT as a function of the microwave
power at 4.8 K.
temperature, the one at Hr H does not. As explained below,
the strong temperature dependence at Hr L is attributed to the
PHE, which is proportional to Re [(M · ε)M[¯110]]. Here, the
overbar denotes time averaging, and M is the sum of the static
magnetization and rf magnetization, which is much smaller
than the static magnetization because the rf magnetic field
hmw is very small (0.16 mT). ε is the rf electric field along
the [110] direction, which should be zero at the center of
the cavity but exists when the sample position is deviated
from the center. The absolute value of ε depends on the
deviation of the sample position from the center. M[¯110] is
the [¯110] direction component of M. When M is along the
[110] direction (i.e., at H = Hr H), M[¯110] is composed of
only the small rf magnetization, and thus the influence of
the PHE is small. However, when M is not along the [110]
direction like the case of H = Hr L, M[¯110] has the [¯110]
direction component of the static magnetization, and the PHE
largely affects the EMF signal. It is known that the PHE
and AHE are proportional to Rn. Here, R is the resistance
of the Fe layer and n is 1–2, which is determined by the
scattering mechanism. Thus, due to the decrease in R with
decreasing temperature [see the gray solid curve in Fig. 4(a)
measured for a reference single-crystal Fe layer directly grown
on a semi-insulating (SI) GaAs (001) substrate], the AHE and
PHE decrease with decreasing temperature [40]. Therefore, the
strong temperature dependence of the EMF peak intensity at
094424-3
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H = Hr L can be attributed to these galvanomagnetic effects.
On the other hand, we see nearly a constant EMF at H = Hr H
in the entire temperature region despite the large change of
R. This is clearly different from the behavior of the PHE and
AHE of Fe, which indicates that the EMF signal at Hr H is not
affected by these galvanomagnetic effects.
For understanding the above-mentioned scenario quantita-
tively, it is useful to separate the V -H curves into a symmetric
(Lorentzian) component Vs i and an antisymmetric (diffusive)
component Va i at the resonance magnetic fields H = Hr i
(i = H, L) [30]. [In Figs. 2(c) and 3(b), the thin black curves are
the fitting curves expressed by the sum of the symmetric and
antisymmetric curves]. It is known that PHE, AHE, and ISHE
are incorporated in Vs i , while Va i is composed only of PHE
and AHE. In Fig. 4(b), as mentioned above, while Vs L shows
a strong temperature dependence due to the galvanomagnetic
effects, Vs H is almost constant as a function of the temperature,
which is different from the behavior of PHE and AHE.
Furthermore, to confirm our understanding, we have carried
out the same spin pumping experiments on the reference
single-crystal Fe (20 nm)/SI GaAs sample [Fig. 4(b)]. Because
GaAs is insulating, no spin current is injected into GaAs in this
reference sample, and we can estimate the influences of the
PHE and AHE in the Fe layer. Indeed, in this reference sample,
while Vs L shows a strong temperature dependence due to the
PHE (or AHE), Vs H is almost zero and does not depend on
the temperature. Although the absolute values of the PHE
and AHE components are different between the two samples
possibly due to a small deviation of the sample position, their
temperature dependences should be the same. Therefore, in the
Fe/SnTe sample, the PHE and AHE components are negligibly
small in Vs H. (See also the discussions about the behavior of
Vs L, Va L, and Va H in Sec. III in the Supplemental Material
[36]).
As discussed above, the contribution of the PHE and AHE
components can be excluded in Vs H from its temperature
dependence. In addition, we can also exclude the influence
of thermal effects on the EMF as shown below. As shown in
Fig. 4(c), one can see that the θH dependence of Vs H shows a
typical behavior of the ISHE expressed by Js × σ ; the sign of
Vs H is reversed with the reversal of the in-plane component
of the magnetic field (or σ ). From this result, we see that
the Seebeck effect, which is not related to the magnetization
direction, is negligibly small in Vs H. This is also evidenced
by the microwave-power dependence of the EMF shown in
Fig. 4(d), in which EMF (Va H and Vs H) is proportional to
the microwave power [see the inset of Fig. 4(d)]. The EMF
signal induced by the Seebeck effect would be proportional
to ST [41], where S is the Seebeck coefficient of SnTe
and T is the temperature difference induced in the sample
by microwave irradiation. Because S strongly depends on the
temperature in SnTe [42], the power dependence of the EMF
would not be linear if it were affected by the Seebeck effect.
We can also eliminate the influence of the LSSE, which is
caused by the spin current that is induced by the temperature
difference between the top and bottom interfaces of the Fe layer
[31,32], because the specific heat of Fe strongly decreases to
zero with decreasing temperature, which is different from the
nearly constant temperature dependence of Vs H [Fig. 4(b)].
Therefore, we can conclude that Vs H originates from the ISHE
over the entire temperature range used in our paper.
Finally, we roughly estimate the spin Hall angle of SnTe.
The FMR spectral width of the absorption derivative at H =
Hr H is 4.35 mT when θH = ϕH = 0◦ at room temperature [see
Fig. 2(a)]. In our reference single-crystal Fe/GaAs sample,
the obtained spectrum width of the absorption derivative was
4.13 mT. From these values, the mixing conductance is esti-
mated to be 1.3 × 1019 m–2, and the Gilbert damping constant
is estimated to be 0.013. If we assume that the spin-diffusion
length of SnTe is the same as that of Bi2Se3 (∼6 nm) [44], the
spin Hall angle is roughly estimated to be ∼0.013 for SnTe
[43]. This is much larger than those of Si and GaAs, and is the
same order of magnitude as those of the bulk Bi2Se3 [44] and
heavy metal Pd [43]. Thus, the bulk state of SnTe is promising
for future spintronics applications. This large value may be
partially caused by the presence of the SS. In our experiments,
it is difficult to distinguish the contribution of the SSs to the
EMF signal due to the large conductivity of the bulk state of
SnTe. For the detection of the signal originating from the SSs,
systematic measurements of the dependence of the EMF on
the SnTe layer thickness are required; however, in the present
growth technique, we need a thick SnTe layer to obtain the
high-quality crystal and interface of Fe/SnTe, which are impor-
tant to achieve efficient spin injection into SnTe from Fe. Fur-
ther improvement of the growth conditions to reduce the bulk
conduction is required for exploiting the full potential of SnTe.
IV. SUMMARY
In summary, we have carried out spin pumping experiments
on the all-epitaxial Fe/SnTe multilayer structure. We have
successfully injected a spin current into SnTe from Fe using
spin pumping under the FMR condition of the Fe layer. By
careful and detailed analyses of the dependence of the EMF on
the microwave power, magnetic-field angle, and temperature,
we have concluded that the EMF peak obtained at Hr H is
induced by the ISHE in bulk SnTe. A relatively large spin Hall
angle of ∼0.01 is estimated for bulk SnTe. This large value
may be partially caused by the SSs. Our result indicates that
SnTe is very promising for future spintronic applications.
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